An electrodeposition was developed to prepare a hybrid film with a nano structure. An anionic nanosheet colloid solution can be prepared by the addition of quaternary ammonium with the nanosheets being electrodeposited on the anode. The redoxable electrodeposited films were grown from solutions of the manganese oxide nanosheet. On substituting from the manganese to nickel or copper with several atom% within the manganese oxide nanosheet, electric conductivity increased and the resultant electrochemical capacitance improved. Other redoxable films in which ordered phosphate nanosheets interleaved polyaniline with monolayers were grown from solutions. These included a metal phosphate nanosheet and aniline monomer. The electrochemical capacitance of this hybrid films was approx. 180200 F/g. Using an organo-grafted zirconium phosphate nanosheet, the graft worked as pillars to form nanovoids near to the polyaniline within the hybrid film. The resultant capacitance increased by approx. 1.8 times due to the development of an ion diffusion path.
Introduction
Layered materials can be divided into three groups: those composed of nonionic layers stacked by Van der Waals interaction; cationic layers and interlayer anions; and anionic layers and interlayer cations. For the nonionic group, hexagonal boron nitride, transition metal chalcogenide, layered magnesium hydroxide (brucite), graphite, and so forth, are representative examples. For the cationic layer group, layered double hydroxides (LDH) is the only inorganic layer that shows cationic charge. However, a wide variety of chemical compositions have been reported. LDH is composed of cationic layers with a brucite structure in which divalent cations are partially -substituted by trivalent cations and interlayer anions. Generally, Mg, Co, Ni, Zn, etc., and Al, Cr, Fe, Co, etc., are applied to the divalent and trivalent cations, respectively. One representative of LDH is hydrotalcite (Mg 2/3 Al 1/3 (OH) 2 ·(CO 3 ) 1/6 ·0.5H 2 O). For the anionic layer group, some typical examples are layered perovskite, layered titanate, layered metal phosphate, layered niobate, layered manganate, smectite, kanemite, and so forth. In this group, there are many materials that are interesting as functional materials, such as for adsorbents, and in catalysis, photonics, electronics etc.
In the case of non-ionic layered materials, the exfoliation is relatively difficult compared with ionic layered materials. There are several examples of the exfoliation of various inorganic layered materials. For graphite, exfoliation and preparation of graphene sheets have been reported recently by some researchers. 1) 3) For brucite-type structures, Feng et al. reported that partial hydroxyl group in zinc hydroxide was substituted by benzoate groups and it could then be exfoliated in an organic solvent such as 1-butanol. 4) For Bi2212 superconducting material, Chang et al. reported exfoliation by intercalation of long chain organic molecules. 5) On the other hand, in the case of the cationic layer, counter anions, which are usually carbonate, phosphate, nitrate, sulfate, chlorate, or carboxylate anions etc., exist within the interlayer space. These anions®with the exception of carbonate®are ion-exchangeable. The carbonate anion has too strong a compatibility with the cationic layer to exchange for the others. For this LDH phase, several exfoliation processes have been suggested. Typical exfoliation can be performed by ion exchange of the interlayer anion with an organic anion that has a relative long alkyl chain, and then dispersed in 2-propanol. 6 ), 7) Exfoliation can also occur in formamide without ion exchange. 8),9) Recently, Hibino et al. have reported that intercalation of lactate anions resulted in exfoliation in water. 10) In the case of the anionic layer, counter cations (normally alkali or alkali earth) exist within the interlayer space. If the counter cations are alkali elements, the alkali cations are exchangeable with various other cations, including a proton in most cases. In particular, the protonated ones show soft-chemical reactivity, such as intercalation and exfoliation. Regarding exfoliation, this is carried out by quaternary ammonium salts that have a strong Brönsted base (B) within their molecules, as an exfoliator. A typical formula is shown below:
where R is the organic group in the quaternary ammonium salt. For the salt, the large size of group R is preferable for exfoliation because it must overcome the electrostatic attractive force. The strong Brönsted base (B) must be reacted to generate a weak acid (HB) or H 2 O with proton. This reaction can be achieved in water or nonaqueous solvent that has relatively large permittivity. In the case of water, the anionic layers can be exfoliated by tetrabutylammonium hydroxide 11)14) or analogous compounds. The water generally binds with the tetrabutylammonium hydroxide to form a hydrate. Such hydration probably tends to expand the interlayer space. On the other hand, for exfoliation in an organic solvent, two processes have been reported as follows. Usually, the quaternary salt is intercalated into the interlayered space of the layered materials in water and then the layered compounds are dispersed to be exfoliated in an organic liquid.
15), 16) Another process is direct exfoliation in an organic solvent, reported by Takei et al. for layered metal phosphate and manganese oxide in acetonitrile. 17) , 18) On of the important factors for exfoliation may be the relative permittivity of the solvent. Table 1 shows typical properties, including the relative permittivity, of various liquids. Figure 1 shows a colloidal nanosheet in acetonitrile solution prepared from layered manganese oxide.
Exfoliated nanosheets have been examined for a wide range of applications, such as coreshell particles, 19) nanotubes, 20) , 21) nano-hybrids, 22 ),23) films, 11)14),24), 25) and so forth. For film preparation using a nanosheet, the sequential adsorption method and the electrodeposition method were examined. The sequential adsorption method has been examined with various materials such as manganate, niobate, titanate nanosheets etc. by several researchers.
11)14),24), 25) This method provides an almost perfect film with a layer-by-layer structure. However, this process requires great care and is very time-consuming. On the other hand, electrodeposition is a simple method for formation of a film of several tens of micrometers or more in thickness. The electrodeposition method is a strong candidate to prepare film from a nanosheet. In the next section, examples of the electrodeposited films from the nanosheet solution are discussed.
Electrodeposition of inorganic nanosheet and its redox activity
For a nonionic colloidal solution, Chang et al. reported the electrodeposition of a Bi2212 nanosheet. They mentioned the exfoliated Bi2212 nanosheet had a slightly positive ¦ potential and that a thick film was deposited on the cathode. 5) In the ionic nanosheet colloidal solution, the counter ion, which mostly acts as an exfoliator, adsorbs on the nanosheet.
26) The nanosheets can be electrodeposited using such an ionic solution. For electrophoretic deposition using cationic nanosheets, Wang et al. prepared electrodeposited film from exfoliated LDH on a cathode. 27) In this paper, glycinate was previously intercalated and then exfoliated in formamide. Electrophoretic deposition was carried out to obtain a unique porous film composed of nanoparticles of approx. 100 nm in diameter. Since formamide has a very high relative permittivity, as shown in Table 1 , it is probably preferable for the exfoliation. However, the formamide also has high viscosity and low vapor pressure. The high viscosity causes a slow electrophoretic deposition rate and the low vapor pressure results in time-consuming drying.
In the case of the exfoliated anionic nanosheet, the counter cations adsorbed on the nanosheet are usually tetrabutylammonium. For the electrophoretic deposition of the ionic nanosheet, the total charge density of the nanosheet is an important factor. The total charge density can be determined by subtracting the charge of the adsorbed cation from the intrinsic charge density of the nanosheet. In general, a layered ¡-metal phosphate nanosheet has a relatively large intrinsic charge density of approx. 45 nm ¹2 due to acidic HPO 4 tetrahedra. On the other hand, those of layered manganate, titanate, and so forth, are approx. 13 nm
¹2
. Figure 2 shows a typical example of layered manganate (Birnessite). Since exfoliation can occur by intercalation of large cationic molecules and solvation of the cation with a polar solvent, the intrinsic charge density plays an important role in the exfoliation. In addition, the electrodeposition requires a surplus total charge that acts as a driving force for the electrophoresis in the electric field. Since the tetrabutylammonium cation is large (approx. 1 nm in diameter), a part of the intrinsic charge still remains after adsorption of the tetrabutylammonium cations with a monolayer.
For the electrodeposition, H 2 O should be avoided because of the electrolytic decomposition of H 2 O at higher than 1.23 V. Generally, the electrophoretic deposition for the preparation of an inorganic thick film is carried out in a high electric field, of several tens to hundreds of volts. In this case, the decomposition significantly affects the film quality. On the other hand, the 28) Hwang et al. reported electrophoretic deposition from cobalt oxide nanosheets in acetone; 29) and Yui et al. reported the electrophoretic deposition of titanate nanosheet in aqueous solution.
30)
The electrodeposited film can sometimes be used as an electrode of an electrochemical capacitor due to the high surface area of the nanosheet. The electrodeposited film prepared from ruthenium oxide nanosheets indicates a very large capacitance of around 600 F/g or more.
16) However, ruthenium is relatively expensive. Layered manganese oxide is also a candidate for the electrode of the capacitor. Figure 3 shows the cyclic voltammograms of the electrodeposited film prepared from the manganese oxide nanosheets with different masses of film.
18) The voltammograms do not show particular peaks that indicate adsorption and desorption of specific ions or redox reactions. The very thin film composed of the manganese oxide nanosheet shows a relatively large capacitance of around 200 F/g at maximum. However, the voltammogram tends to be ohmic and to shrink with the increase of the mass, and decrease in capacitance. One of the reason for such a trend in the voltammograms may be a deficiency in electric conductivity. Actually, the electric conductivity of a pelletized protonated manganese oxide was measured by fourprobe method with a DC power source and was approx. 10 ¹2 S/m. For the electrochemical capacitor using manganese oxide, graphite powder or conductive polymer (polypyrrole) were often mixed into an electrode to increase the electric conductivity. 31) 33) The typical capacitance of carbon-manganese oxide hybrid material reached around 190 F/g. 31) Thus, not only a large surface area but also good conductivity appear to be important for the preparation of the electrode with high redox activity.
Other nanosheet hybrid films were prepared by electrolysis grown from manganese salt. 34) , 35) This process is not electrophoretic deposition; however, it is a very attractive process because the texture of the film formed on the working electrodes can be controlled by solvent composition.
Improvement of electrochemical properties of the nanosheet
Increase of the electrochemical capacitances, electric properties of the layered manganese oxide must be improved. Sometimes substitution of metal produces an increase in the electric conductivity. We examined the substitution of period-four transition metals for manganese. 36) From the XRD patterns of the samples partially substituted, layered manganese oxide (birnessite) can be formed up to around 10 mol% of substitution. With an amount of 5 mol% substitution, the electric conductivity increased by using Ni and Cu; however, conductivity does not change in the case of Fe and Co, at room temperature. Consequently, the electrochemical capacitance increased approx. 1.5 times.
In the case of layered perovskite, Ruddlesden-Popper, DionJacobson, and Aurivillius phases with different stacking structure have been reported. Schaak et al. reviewed the soft chemical reactions for many layered perovskites. 37) For one of the DionJacobson phases, RbLaNb 2 O 7 depicted in Fig. 4 , Kobayashi et al. succeeded in the preparation of ion-exchangeable layered perovskite, which showed electron conductivity. 38) In this report, fluorine was substituted for a part of the oxygen within the RbLaNb 2 O 7 by heating with PTFE. Then, RbLaNb 2 O 6 F was formed and consequently half the amount of Nb 5+ reduced to Nb
4+
. The electric conductivity of the sample was expressed (approx. 10
¹3

10
¹2 S/cm) via a variable-range hopping mechanism. Although the conductivity is still not large, such layered material can be strong candidates for a nanosheet providing improvement of the electrochemical property of the electrodeposited film.
Electrodeposition of redoxable hybrid film
Using electrophoretic deposition, an anionic nanosheet must be deposited on an anode, and a cationic nanosheet on a cathode. An oxidation reaction generally occurs on the anode. For example, aluminum or some other metals can oxidize on an anode in an acid aqueous solution such as hydrogen sulfate, oxalate, phosphate, and so forth. In the presence of a particular organic species that works as a monomer, oxidation and subsequent polymerization will occur. For example, polyaniline can be deposited on the anode. In this reaction, aniline monomers oxidized and the aniline radical formed nearby the anode via a chemical reaction. The radical cation is a highly reactive species and quickly attacks another aniline monomer to produce a dimeric radical cation. Consequently, polyaniline long chains were synthesized via chain propagation reactions. In the presence of the inorganic nanosheets and the aniline monomers, the electrophoresis of anionic nanosheets and polymerization of aniline can be deposited simultaneously as reported by Takei et al. 17) ,39) Scheme 1 shows the simultaneous deposition process from the inorganic nanosheet colloids and the monomers mixed solution. Such hybridization may occur in a process whereby polymerization occurs first and is then interleaved with the deposited nanosheet. Figure 5 shows the XRD patterns of the electrodeposited film composed of the zirconium phosphate nanosheet and polyaniline. (Hereafter, ¡-zirconium phosphate and polyaniline are designated as ZrP and PAni.) The XRD pattern confirms that the nanosheet was oriented along the stacking axis because there are two diffraction peaks attributed to the interlayer spacing for the hybrids. The polyaniline layer of around 0.4 nm in thickness was intercalated between the nanosheets, corresponding to a monolayer of the polyaniline lying down. The amount of polyaniline was an approx. 0.2 ratio to the ZrP. Schematic models of the hybrid are shown in Fig. 6 . The other nanosheets, ¡-titanium and tin phosphates (TiP and SnP) were able to form similar hybrid structures. Figure 7 shows the cyclic voltammograms of TiP/PAni, ZrP/PAni, and SnP/PAni films. These voltammograms apparently show the capacitive activity attributed to the intercalated polyaniline. There are redox peaks at 0.48 V on a positive and 0.24 V on a negative sweep, which are attributed to the redox reaction of the doping anion to form polaron. 40) The maximum capacitance of the hybrid is approx. 180200 F/g per PAni. The ZrP and the PAni hybrid film have larger capacitances than the others. Figure 8 shows the FE-SEM photographs of the starting TiP, ZrP, and SnP powder. ZrP (approx. 200300 nm in size) is much smaller than the TiP and SnP of around several¯m. Therefore, the ion diffusion into the ZrP/PAni hybrid film occurs more easily and thus the capacitance become larger. Thus, the ion diffusion is probably the rate-controlling reaction for the charge and discharge process of the electrochemical capacitor electrode.
39)
Prospects for improving capacitive behavior
In the previous section, diffusion of the ions in the solvent is the rate-controlling reaction under the capacitive behavior. To improve capacitive behavior, the following processes are very important: formation of the nanostructure to improve the electric Takei: Electrochemical preparation of hybrid film using inorganic nanosheets and the related electrochemical properties property of the nanosheet; improvement of the surface state of the nanosheet for ion adsorption and redoxability; and development of the diffusion path. To improve the electric properties, substitution may sometimes provide improvement of electric conductivity, as mentioned above. On the other hand, the ion diffusion path can be enhanced by the formation of voids within the film. For example, intercalation of other particles or molecules might result in the improvement of the diffusion paths. We have reported the silylation of organosilane molecules to the interlayer space of ZrP. 41) The silylated sample has a relatively large specific surface area of approx. 90 m 2 /g. For the silylated sample composed of the organic molecule-modified nanosheet, the stacking layered structure still remained. If the stacking structure can be exfoliated, a modified nanosheet with some branches will be obtained. Actually, we reported that the electrodeposition film was composed of such modified nanosheets with the intercalation of polyaniline. Figure 9 shows a schematic illustration of a cross-sectional model of the hybrid film. Here, capacitance drastically increased to approx. 350 F/g. 42) Thus, the nanovoids can provide development of the diffusion path and a growth in efficiency of the electrochemical capacitive behavior. Such processes may be strong candidates for the enhancement of nanosheet activities.
Conclusion
The exfoliation to form inorganic nanosheet colloids and the formation of nanosheet hybrid film was reviewed based on our results. The electrophoretic deposition method is a very strong candidate for a simple and fast deposition process. Using high voltages, the deposition rate will increase proportionally and very thick films can be obtained. On the other hand, relatively low voltages of only several volts may provide the possibility of formation of nano textures derived from the intrinsic particle's shape. Several voltage electric fields in the nanosheet colloidal solution produce an oriented nanosheet film on the electrode. Such electrodeposited film is of several tens¯m in thickness and relatively flat. Using manganese oxide nanosheets, a redoxable film was obtained with an electrochemical capacitance of approx. 200 F/g. The electrodeposition at low voltages also provided other hybrid films composed of the metal phosphate nanosheet and the polyaniline. In general, the polyaniline shows redox activity and is a candidate for the electrode material of the electrochemical capacitor. In practice, a film composed of an ordered zirconium phosphate nanosheet with intercalated polyaniline can be prepared by electrophoretic and electrolytic simultaneous deposition and shows good capacitive behavior. Thus, electrodeposition based on nanosheet deposition has the potential to produce nano-textured hybrid films with high electrochemical activity.
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